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ABSTRACT

This note is complementary to UTIAS Technical Note No. 85,
"Thermodynamic and Composition Data for Constant-Volume Combustion of
Stoichiometric Mixtures of Hydrogen-Oxygen Diluted with Helium or Hydrogen",
by A. Benoit. It includes the calculation of the equilibrium specific heats,
the equilibrium specific heat ratios, the isentropic expo..ernts, and the
corresponding values of the speeds of sound. For convenience, the final-to-
initial temperature ratio and the final-to-initial pressure ratio have also been
included in the present tables. The results are presented for helium and

hydrogen dilution respectively.
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NOTATION

a equilibrium speed of sound (m sec™ 1)

aj frozen speed of sound (m sec~1)

ax fictitious speed of sound (m sec~!) defined by (53) (%)

ajk coefficients appearing in the linearized system ({(15) to (17))

and given by relations ((18) to (29)).

by coefficients appearing in the linearized system ((30) to (31))
and given by relations ((32) to (37))

By functions of p and T defined by (9) and (10)

Cp molar equilibrium specific heat at constant pressure
(cal mole-} ©K-1) defined by (42)

Cp1 molar frozen specific heat at constant pressure (cal mole "1
0K -1) defined by (40)

Cy molar frozen specific heat at constant volume (cal mole !

1 OK-I)

d function of p and T defined by (39)

e function of p and T defined by (36)

H molar enthalpy (cal mole ") including sensible enthalpy and
chemical energy at 0°K for gas state

K equilibrium constant based on partial pressures for reaction

of formation from elements in gas state., The subscripts,
1,2, 3 and 4 referrespectively to the formation of H20, OH, H2
and 02

m number of moles of diluting hydrogen per mole of oxygen in
reactants

(*) (53) refers to equation (53) etc.



n number of moles of helium per mole of oxygen in reactants

n, number of moles of species "j" in reaction products per mole

of oxygen in reactants

n. total number o1l moles of reactants per mole of oxygen in
reactants (n; = m + n +3)

ng total number of moles of products per mole of oxygen in
reactants (nf = 2. n)
FRLR
P pressure of products of reaction (atm)
P pressure of reactants (atm)
R universal gas constant (1, 98718 cal mole~1 ©K~1
R universal gas constant (8314. m?2 sec™? OK-l gr)
T absolute temperature (°K)
U molar internal energy of reaction products (cal mole'l)
Ui molar internal energy of reactants (cal mole 1)
¥ isentropic exponent defined by (44)
v, frozen specific heat ratio defined by (49)

* equilibrium specific heat ratio defined by (47)

molecular weight of products of reaction (gr. mole 1)

molecular weight of reactants (gr. mole ~1)

molar fraction of species "j" in products of reaction

< X T

Subscrigts

i refers to the reactants
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jge)

refers to species )" according to the correspondence

for HZO
for OH
for HZ
for 02
for I
for O
for He

O W N —

at constant pressure
at constant entropy

at constant volume
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1. INTRODUCTION

In order to complete the work on constant-volume combustion
reported in Ref. 1, it was felt that the equilibrium quantities such as the
specific heat, specific heat ratio, isentropic exponent and the equilibrium speed
of sound should be computed and incorporated in the results. The same
source of thermodynamic data was used (Ref. 2), but all the thermodynamic
functions including the equilibrium constants were introduced in the program
in the form of best-fitted analytical functions.

Instead of using the method of solution described previously
(Ref. 1), the final thermodynamic conditions were obtained through an
iteration procedure based on the linearization of the equations (Newton-Raphson
iteration). This, at the same time, provided a verification of the results.

2. BASIC EQUATIONS

The general assumptions under which the calculations are
performed have been described in Ref. 1.

The initial mixture

) +mH, +n lle

(2[{2 + O, 9

2
at temperature T, and the pressure p., is transformed to give, n, HZO + n, OH
tnglg + n, Oy + nc H + ny O + nq He,at temperature T and pressure p. T%\e
symbols 50, OH, etc. represent one mole of 1120, one mole of OH, etc, The
equilibrium equations combined with the equations of conservation of mass of
each chemical element yield the following equations:

2 2 2 L
Bl\)5 Vg B2\)5V6+ B,Vg + 84\)6 +V, +\)6 +n_ -1=0 (1)

n
f
2 ’ _
2By W2y, BV Y, + 2BVZ + V- 2<2:fm>_ - 0 (2)
32
E; Vs Vg + BV Vg +2B4Vg + Vg - ﬁ_f= 0 (3)
and
Vv, A (4)
- K
v, VeV, P (5)
2
V, - KyVg p (7)



n
VA=At (8)
7 ng
from which the composition can be determined when the temperature and
pressure are known, In these relations, the y's represent the molar concent-
rations, the K's are the equilibrium constants based on partial pressures and
the subscripts of the K's refer to the following compounds:1 to 1120, 2 to OH,
3 to HZ and 4 to 02,
The B's are written for: 5
B =K 9)
1 1 P (

Bj - ij () =2,3,4) (10)
The two complementary equations required to determine the
final pressure and temperature express the conservation of density and

energy, i.e.,

P P, (11)

or Y l”f
and
= 1 .
nfU ng Ji (13)
or nf(ll - RT) = n; (Hi - RTi) (14)

3. METHOD Ol SOLUTION

Equations (1) to (3) are linearized to provide a system from
which \)5, \)6 and n, are determined for any set of values, p, T

f )
+ b + 1 = 15
2 bV ra eV r a8 np =y, $i)
1 =
ay V5 "y SV g * a8l 'nf_) %20 (16)
o L. i
agdVs 2y §V g agy 4 _ﬁf_) a3 (1)

The coefficients aiJ arc readily obtained

a -231)’5\)6 + 132\)6+ 2}33\}5 w1 (18)



) 2
a5, BIVS + B2v5 +2B4\’6 + 1 (19)
a;j3 =n (20)
-y 2 ) 2 .
8107 T{BVEVG * B (VM +BNE +BYVE +V Y, +§,‘? v
(21)
a,, = 4B 5\)6 + Bz\)G + 4133\)5 + 1 (22)
) 2
::122—2B1\)5 + Bz\)5 (23)
323:'2(2+m) (24)
- _ 2 2 _2(2 + m) ;
220 = - (2B V5V 5+ ByY g Vg + 2BgV5+ Y, e
azy = 2B1YgVg + ByVg 20)
2
ag, Bl\)5 + Bz\)5 + 4B4\)6 + 1 (27)
a33=-2 (28)
2
azo = - (BYEY, +B2\)5\)6+2B4\)2+v6— ?‘T) (29)

The linearized forms of equations (8) and (10) will provide the means of
computing the temperature and the pressure

biydp + b T = by, (30)
boy §P + by §T = by, (31)
with
o] T b”f}
B == = (32)
no e Ty (Gp)T
b ==1  (n.+ T /37 )
N S L (33)
b =R - "
p, Tan. (34)
11



b,, =n.e + (H-RT) [ d"f (35)
21 - I (—%b ST
b22=nf(Cpl+d-R)+(H - RT) (_;;T_r) (36)
b20 =n, (H - RT) - n, (Hi - RTi) (37
where 7
e:g (a)ﬁ) . H (T) (38)
=1\gp /T ]
d =

é («WJ) . H_(T) (39)
j=1\eT /g ]

and Cp is the molar frozen specific heat, i.e.
1

7

c = & Yy c._ (40)
1 )= ;P

When the composition, the temperature and pressure have been determined,
the following quantities are computed:
a) the molecular weight
fl

Moo E Yy | @

j=1

b) the molar equilibrium specific heat

C_ = O h (42)
p M aT)
. Cc +4-H _(_alnﬂ> (43)
pl T anT p

c) the isentropic exponent

Y - (ETP) v (44)

A4 R,T
= ( d InP (45)
dIn
B} ) ) \ 2 -1
( (1+ (::%T Iép(l (éé;\pf)p) ) (46)



d) the equilibrium specific heat ratio

C
P (47)

¥ C,
Y1+ (ﬁz‘i)r ) (48)

dnp

2) the frozen specific heat ratio

C
¥,- P (49)

- C (50)

f) the frozen speed of sound (a ), the equilibrium speed of
sound (a) and a fictitious speed of sound computed using the equilibrium
specific heat ratio instead of the isentropic exponent,

1/2

W Rélz (_ﬁ_‘) (51)

,)

2

a = Rcl)/ ( Y T)I/2 (52)

Lo 12
a% = Ré/z _¥* T (53)

’J

2 -2
sSec

where R is the universal gas constant for which the value 8314 m
oK'lgr. as been used.

4. RESULTS

Computations have been performe d for the initial conditions
T, = 298.15 °K

p; * 1., ; 5, ; 10. ; 30, ; 50. ; 100. ; 300. ; 500. atm.

and the dilutions
1) m=0 and n varying from 0 to 12 in steps of 0.5

2) n=0 and m varying from 0 to 7. 5 in steps of 0.5



The results are given Tables 1. and 2. and some are presented graphically

in Figures 1. to 6. Incidentally, the intermediate results, p, T, nf/ni, Cp ,
H,O, OH, ..... , constitutes a verification of the data tabulated in 1

Ref. 1 (*). A comparison is illustrated for the case Ti = 298, 15 9K, p; = 1 atm.,
m =n = 0, The agreement is excellent,

UTIAS T. N,
Quantity This report NO. 85
p/p; 9.611 9. 611
T/T, 11. 750 11, 750
ng/n, 0.818 0.818
M 14, 684 14. 684
¥, 1.214 1.214
cpl 11, 282 11,282
vuzo 0. 5560 0. 5560
Voii 0. 1268 0. 1268
vnz 0. 15717 0. 1577
V02 0. 0486 0. 0486
v H 0. 0758 0.0758
Y, 0.0351 0.0351

The effect of temperature on the composition (characterized
by the partial derivatives of the molar fractions with respect to temperature)
leads to values of the equilibrium specific heat (C,) appreciably higher than
the values obtained neglecting the variations of the composition (Cp ). The
difference between C_ and C 1

p p
: | Vi H (dnpy
- = ™ oo n
“p = %p, E] Grde " (G0

(*) Note - In Ref. 1., The value used for R was slightly larger than the
accepted value, consequently all the values of ag and a; should be
multiplied by the factor 0. 9902 to obtain the correct values.
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increases with decreasing initial pressure and decreases with increasing
dilution. The initial pressure has a much stronger influence on Cp than on Cpl
For m = n =0, C, is approximately five times as large as Cp for p; = 1 atm, °°
and about three times for p; = 100 atm., while the variation o Cpl remains

of the order of 12% (see Fig. 1 and 2).

The difference between the isentropic exponent ( ‘) and the
equilibrium specific ratio ( 8%) is as large as 10% for a stoichiometric mix-
ture of hydrogen-oxygen and an initial pressure of one atmosphere. This
difference decreases rapidly with increasing dilution. Although the
difference between C,, and C,. is found to be a maximum for the stoichio-
metric mixture, the values of the specific heat ratios Y* and f, are
rather close in the neighborhood of m = n = 0. In fact the difference | Y* -&
reaches a maximum for a value of the dilution index depending on the type of
diluting gas and on the initial pressure. For instance, for hydrogen dilution
and p; = 100 atm., this maximum is close to m = 2. The isentropic exponent
and the specific heat ratios are presented graphically in Fig. 3 and 4 for
helium and hydrogen dilutions respectively.

The various expressions for the speed of sound are represented
in Fig. 5 for helium dilution and in Fig. 6 for hydrogen dilution. According
to the definitions (51), (52) and (53), what has been said for the x's can be
repeated for the sound speeds, (see Fig. 5 and 6).

5. CONCLUSIONS

The equilibrium specific heat ratio and the isentropic exponent
have been computed for reaching gas mixtures composed of stoichiometric
hydrogen-oxygen diluted with helium or hydrogen. The values of these
quantities have been compared with the frozen specific heat ratio for initial
pressures ranging from 1 to 500 atm. and diluting index ranging from
1 to 7.5 in the case of hydrogen dilution, and from 1 to 12 in the case of
helium dilution. In each calculation the initial temperature was chosen equal
to 298. 15°K, but the computer prograin does not include any such restriction.

Differences of the order of ten percent, were found between
the isentropic exponent and the equilibrium specific heat ratio for initial
pressure as high as one atmosphere. In both cases of helium and hydrogen
dilutions, this difference was a maximum for the stoichiometric hydrogen-
oxygen mixture,

The difference between the equilibrium and frozcn specific
heat ratios, was a maximum for a dilution depending on the diluting gas and
the initial pressure.



In the case of helium dilution, and p. = 1, atm, this difference
reaches about 15% for a dilution index n of the order of 5.5 (approximately
65% of helium per volume in the initial mixture), The different values of the
speed of sound evaluated using the isentropic exponent, the equilibrium and
frozen specific heat ratios have also been computed and coempared.
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LIST OF TABLES

1. Helium dilution. (m = 0)
T; = 298. 159K
P 1. ; 5. ; 10. ; 30. ; 50. ; 100. atm.

n 0 to 12 in steps of 0.5

1

2. Hydrogen dilution. (n = 0)

T; 298. 15°K
p; = 1. ;5. ;10. ; 30.

m = 0 to 7.5 in steps of 0.5

: 50. ; 100. atin.

»

SYMBOLS USED IN TABLES 1 AND 2

Tables 1 and 2 are the direct outputs of the computer. The following symbols
have been used:

PI N (atm)

TI : T; (°K)

N :n

M § | I

CP1 g Cpl (cal mole ™ 1)
cp : cp(aunmm‘H
GAMI : ¥

GAM= S

GAM R

Al Doay (m sec—l)

Ax a* (m sec )

A a (m sec™ )
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Pl=

P/PI
10.146
10.188
10,174
10,125
10.053

9.966

9.R67

9,760

9.647

9.528

9.406

9.280

9.151

9.020

A,ARA

8,753

B.618
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A.346

8.209

8.073
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7.672
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P/P1
10,375
10.423
10,408
1N.354
10,275
10,179
10,070

9,951

9,826

9.696

9.561

9.42%

9.282

9,140

8.996

B.850

8,705

R,559

R.414

B.269

8.125

T.9R3

T.843

7.70%

7.570

O

/71
11750
11.531
11.329
114141
10.962
10.791
10,626
10,466
10.309
10,155
1C.u0>

9.R85%3

9.704

9.5%6

9.408

9.261

Pe115

A.969

A,A213

8.677

8,533

8.389

B8.246

B.104

Te964

Oe

T/71
12.713
12.436
12.18]
11.942
11.716
11.499
11.2R9
11.0R6
10.8A87
10.693
10.502
10.3113
10.127

9.944

9,762

9.5H2

9.404

9.227

9.057

H.HR?

4,713

B.546

R.3R13

Re222

R.066

0.

T/71
13.149
12.843
12560
12.296
12.044
11.RAN4
'1.572
11.347
11.128
10,914
10. 7n4
10.497
10.294
10.094
9.896
9.702
9.510
9.321

9.135
R.953
Be774
8.599

‘fate TR
A, 261

R,099

Pl
11.2R2
10.280

9.556

9.008

R.578

R.232

Te947

7.707

7.503

Te327

T.173

7.037

6.916

6+80R8

6710

6.620

6.539

6ab66

6.395%

64331

6,272

6.216

6e164

6116

6.070

CP1
11.6RA
10.594

9.R09

9.218

R.756

Be3IRG

R,07R

TR??

T.604

Tet16

7.251
T.106

6.977

6862

6aTHR

6663

6.576

6at07

6,027

6e3"6

6.293

64239

6.180

6.129

6.0R1

P1
11.877
10.7734

9.923

9.311

R.B13

R 450

Re135

T.871

Teb46

Tet52

T«28R3

Tel34

7.002

6.RRI

6.776

6.678

6.590

6508

6433

6364

6300

6.241

6.1R5

6.1373

640R5

e
SRe941
48,795
4),473
315.929
31.559
28403)
7254115
22,663
20.578
18,781
17,221
15,857
14,658
13,598
12.661
11.829
11.088
10,431

9.R46

94326

8.865%

8,457

8.096

7.776

T.49%

w
47,355
19,268
33,452
29,0048
25.587
22,787
20,482
1R, 54R
16,907
15.496
14,27H
13,217
12,289
11.475
10,759
10,124
9.571
9,080
S.64R
8,267
1.932
Te63H
74379
Tel62
6,953

cP
43,064
354752
30.496
26,521
23,400
20,870
18,805
17.066
154593
14,329
13.239
12,292
11.467
10,744
10.110
9.554
9.064
A.634
Bs257
7.926
Teb634
7378
7.154
64958
4. TAK

GAM]
1e214
1,240
14263
1.283
1.301
1.318
1.7%3
12347
1.360
le372
1,383
1,394
1.403
1a812
le421
1.429
la437
l.644
1e6%1
1e457
lebbd
l.470
1.476
le4Bl
la487

GAM]
1.205
1.231
1.254
1,275
14294
1.311
1.326
1ol
1.354
1.366
1377
1.3R8
1e398
1.408
1e617
1s425
le433
let6)
TeltsR
1,455
leti62
let68
le474
1e480
1.4R5

GAM]

1.201
1.227
1.250
1.271
1.290
1.307
1,323
1.338
1.351
ls364
1.37%
1. 386
1.396
1.406
le4l5
lea26
1e632
lets40
1e647
1e054
le461
letsb67
ls473
1.479
1.4R%

11

GAM®
1e212
1,200
1.193
1.189
l.188
1.189
1.19])
1s418%
1.200
1.206
1.213
1.221
le230C
l1+240
1.251
1.262
1427%
1.28R8
1.201
1315
1.329
le304
1.358
1.373
1.347

GAMe
1.209
1.200
1.196
1.195
1.197
1.200
1.205
1211
1.218
1e226
1.236
1246
1.257
14269
1.7R]
1294
1304
1.322
12336
1.3%0
le365
1.379
1.392
1.406
le419

GAMe
1.207
1.200
1.197
l.198
1.201
1,205
1.211
1.218
16226
1,236
1.266
1.257
14269
1.281
le294
1.308
1.322
133
1.350
1.364
1.378
1.392
1.40%
l1.418
1.41%0

GAM
14124
1.131
1.137
lalas
1e151
1.158
14165
1.173
1.181
1.190
1e199
1.209
1.220
14231
14243
1a25¢
1.269
1,283
1.297
le312
1.327
le342
14356
1,371
1.386

GAH
14132
1.14]
1.149
1e157
1.165
1.174
1.183
1.193
1.203
1,213
1,225
1.237
1.249
1.262
1.276
1.290
1,306
1.319
1.333
1.248
1.363
14377
14391
1,405
1.618

GAM

1.136
lal45
le154
le163
1a172
1.182
1.171
1.202
1.213
14224
1.236
1,249
1.262
1.276
1.290
1,304
1.319
1.333
1.348
1.362
1.377
1.39%0
1,404
le417
1.429

ABIE 1 - TWGR1

Al
1551,7
1651,.2
173543
1807.0
186R.7
1922,]
1968,.4
2008.A
2043,9
£0T4.5
2101.1
2124,0
2.43,8
216047
17449
218648
219644
2204,1
2209.9
221440
221646
221747
2217.6
221641
2214.0

TABLE 1

Al
1568.4
1691.3
1777.06
1850.8
1913,2
1966,8
2012.9
205246
208648
2116.1
214142
2162.5
218044
219562
220744
22117.1
222445
2229.9
22335
2235%.4
2235.9
2235.1
2¢233,0
2229.9
2225.9

TABLE 1

Al
1603.6
170841
179544
1869,1
1931,7
1985.3
2031,.1
207044
210440
213247
2157.0
2177.4
219444
2208.4
2219.5
2228,2
2234,7
2239.1
2241.8
2242,9
2242.5
224049
223R,1
2234,4
2229.R

A A
1550.6  1493.2
162443  1577.0
1686.4 164649
1739,5  1706.2
1785.4  1757.0
1825,5  1801.2
1860.7 1839.9
1892,0  1A74.i
1920.0  1904.6
1945.1  1931.9
1967.9  1956.5
1988,5 1978.8
2007.4  1999,0
2024.8  2017.6
2040.7 203446
2055.4 205042
2068.9 206445
2081.3  2077.6
2092.7  2089.5
2104.0  2100.4
2112.3  2110.1
2120.6  2118.7
2127.7 21264}
2133.8  2132.5
2138,8  2137,7
- PAGB 2

As A
1590.9  1539.9
1669.9  1628,3
1735,9  1701.5
1791.9  1763.2
1840.0 1816.0
1881.8 186145
1918.4  1901.2
195047 193641
1979.3  1966.9
2004.9 199444
2027.8  2019.0
204KH.5 206140
2067.2  2060.8
2084.0 2078.7
2099.2 2094417
2112.9 21097
2125.2 2122.0
2136.0 2133.4
2145.5  2143.4
2151.7  2151.9
2160.6  2159.1
216602 216449
2170.4  2169.4
2173.5 217246
2175.6  2174.7
- PIGE 3

AW A
1607.6  1559.¢
1689.0 16501
1756.8 172449
1814.2  1787.7
1R63,6  1R41.2
1905.9  1887.3
19642.9  1927,1
1975.6  1962.4
200404  1993,3
2030.1  2020.8
2053.0  2045.)
2073.4  2066.8
2091.8  208t.3
2108.2  2103.6
2122.8  2119.0
2135,8 2132.6
2167,2 214446
2157.,2  2155.0
2165.6 21638
2172.6  2171.1
21716.3  2117.0
2182.5  2181.5
21R5.5  21R4,7
2187.3  2186.6
2187.8  2187.2
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1e171
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1,635
loddb
1.45%

TAWIE 1

Al
162647
1733.6
182244
189648
1959,7
2013.0
205844
209648
21294
215648
2179.A
2198,R
221403
222641
223643
2243.5
224844
27515
22528
225245
2251.0
2248.3
264,06
22464040
22348

TABLE 1

Al

16364R
1744,9
1H34,5
1909,

1972,.0
202542
207042
2108,2
216043
21674
21RT4t
2207,7
224245
2234642
2243,

2243,6
2253.9
225643
225740
225643
2e56,2
22911

224740
424240
2364k

TABLE 1

Al
le649.8
175944
1R49,.7
1924,9
19874
040K
08543
21227
2154,0
2179.9
220141
2218.7
223245
224342
225%1.2
225648
226043
226240
2262.0
226046
225840
225443
22649,7
2244.4
2238.4

- PAGE 4

As A
1632,7 1589 ,7
1718.3  1683.8
1769, 1 1761.1
1R4A, 7 1825,6
1899,4 188043
1943, 1 1927.2
198049 1967.7
2013.9  2003.0
204249 20338
2068.5 206049
2091.,0  20R4,7
2110.,9 2105.7
2128,5 212442
2146,0  2140.4
2197.4 215644
2168,9 216645
217A.8 217648
21R6,9  21R5,7
21934 219241
219H,5  2197,.4
2202.2 220143
220444 220346
22054 220448
2205%,1 220646
22038  2203.4

- PAGE S

As A
164345 160341
1731.2 169K 9
1H03.5 1777,
1864,2 1RG42,7
1915486 THGK, 0
195947 196542
1997.9 19854
2031.0 202141
206040 2051 .H
20K5 .5 207K .6
2107.7 7102.1
2107.3 2127220
TN 716045
2159,2 clb6aU
217240 16T .4
2IR2 oA 21K0 .6
2191 o4 219041
2199.0 219746
220647 20346
20K, 9 220749

dellat 10N
dl12ar 221cat
2217,0 8212k

241440 dllat
22099 {é0945

- PAGE 6

A A
165744 162044
1748,0 171846
1822,.3 179R .6
1RHG 4 1R65,1
1976.8 1971.1
1981.5 196847

2020.0 2009.6
2053.3 204446
208242 2075.,0
210743 2101.4

212942 212443
216AR,1 2144,1
2lbb b 216142
21TH. 6 2171547
2190.1 21RR,.N
2199,.9 219R.1

2207.7 2206.1
2211.8 221247
221843 2217.3
222142 222044
222¢47 222241
222249 222244
22?219 2221.%
2219.9 2219.5
221649 l216.6



TABLE 1 -~ PAGE 7

D= 111,000

Tl= 2QR,15 M= n,

N P/PI T/71 cpPl P GAM] GAMs GAM B! A A
O 11,407 156349 12eH97 27.654 lelK2 lel1946 1,150 166H 3 16764R 16454
0.5 11,492 14.R%13 114485 23,164 1,709 1.15A 1,165 178049 1772.,72 176744
1.0 11,471 T4a306 10,406 19,977 16727 1204 1,179 187241 1849 R 1R3N,
145 11.3R6 13.969 GeTb4 17.5R7 1.256 14212 14192 194748 19144 1HOH,?
2.0 11,261 13.568 94199 154,726 1276 16227 1.206 201066 196H,0 195542
245 11,108 13.1R7 R.750 16,235 14294 1,233 1,220 06340 2013.6 2003.2
3.0 10.937 12823 Y4e3H4 13.016 14311 lelba 1.234 210647 2052.5 20644,1
1.5 10,755 124475 AL.0RO 12,005 1,226 14256 1,24R 2143,0 20A5,R 2078,9
[ 10,564 12,141 TeR2? 11.156 147801 14269 1.262 2173,n 2114.,3 210R.7
445 1N436R 11.R20 7601 10,417 1,454 1e2HK?2 14277 219746 2138,.8 213443
5N 10,170 11.510 TLLG F4R1A 16267 14296 1.292 221746 2159.7 215640
545 9,971 11.212 70241 94288 1.374 1310 14306 223345 2177.5 2174,5
6.0 9.772 10924 740092 HeR32 1¢38K9 le324 1.321 226549 219244 2190.0
6.5 9,574 10s666 64959 Het37 1,400 1.33R 1335 225547 2204.9 220249
Tan 3,379 10.37R 6o RUD R.094 14409 16352 1,350 225149 221540 2213%.4
Te5 9,187 104119 60733 7,796 1:6419 14365 14363 226641 222%.0 2221.7
Hae0 Ko 998 9.870 E.615 Te536 1.628 1437H 1.377 226846 2229.0 2227.9
R.5 H,AR113 9.6131 60547 7.309 et 36 1.39] 1.390 226942 2233.2 223244
9.0 Bs632 94400 6elbb 7.110 lebba 1,603 1,402 226R, 2 223%,9 22135,/
9.5 Ra656 94178 6.391 64936 14651 le314 1,614 226640 2237.0 2236,.5
10,0 R,285 R.9K5 641321 6,7R7 1 4&R lets25 lets25 226246 2236.9 223645
10.5 A, 119 Ry 74N £.250 6 4R 1elihS 1,434 1e0635 2258413 2235.5 2235,2
11.0 7.958 KeSK4 64200 64529 let?2 lebts6 let5 2253.1 22313,1 2232.H
11.5 7,802 B4375 tellb 6e421 l.678 1ets55 lob56 2264743 222947 2229 .4
1240 7,651 HelQ4 6,095 64329 lstR4 lotb3 loub3 224048 282544 222544
o= o TABLE 1 - PAGE 8

T1= 29R,1F M= N,

N P/P1 T/71 Pl cpP GAM] GAMe# GAM Al A A

0. 11.538 15664 13,05° 264063 1.1H0 1.192 lelb5l 167640 1684,7 165548
0.5 11.630 18.1725 11.596 21,874 le207 1.197 1,167 1789,13 1782.3 1759.7
1.0 11,6NR V4,648 Ul Gl TR,ONG 1e7M1 1205 1.182 18R145 16145 1843.5
1.5 T1.51R 144104 A R27 164682 142F17 1e21% 1197 1957.4 19264R 191244
240 11.384 13.767 9243 164,955 1e274 ls225 1.211 202042 1981.4 1969.8
2e5 11.223 13.363 R,a7HY 13,575 1.29¢ 14237 1e225 207243 202744 2018.0
3.0 11,042 124979 R,ul6 124647 14309 1e249 1240 211546 206644 2058.8
3.5 10,846 12.612 R.10% 11.514 1.325 1.262 o254 2151473 2099.6 2093.4
4a0 1n,649 12240 7TJRu3 10,729 14339 16275 14269 21R0.R 2127.9 2122.°
465 10,640 1140213 T EIR 10,066 163513 142R9 le284 220447 215149 214749
540 104237 11.670 Tat23 9.500 le366 1303 1.299 222441 217244 21691
5¢5 10,029 11428H T.25¢ 54014 1,377 1317 14314 223944 2189.5 218649
6.0 9e823 10.9R9 74101 He595 1.389 1e331 14328 2251,1 «c03.8 220147
645 9,61R 10,772 64,0867 A,2317 1,109 1e245 1,363 225949 221545 2213.7
Ten 9,617 104625 6oRu? 7.91¢ Te4nQ9 1435R 14356 226640 2224 .8 22234
75 9.219 10,159 6e73K 7646 et 1A 1e771 1,370 226948 243240 2230.9
8.0 9.0¢5 9.904 6640 Tet0OH let27 1. 384 1.383 227147 2237.2 223643
Heb HeH36 G659 6. 50 Tel90 le435 le 396 1.395 22719 224047 224040
940 Ba652 Qeb24 6e4b6R 7.017 letd3 le4OR le407 227945 244246 224240
9.5 Rets72 9.10QR 643913 6,856 le6S1 1419 1e419 226840 2243,0 224245
10,0 Re?299 ReGR1 6+124 64715 1a6CR 1.430 1e429 22€4.3 224242 2241.8
1045 Hel3r R.776 261 64590 1e6"° leta0 le439 22597 224042 2239.9
11.0 T.967 HeH75 hel02 6.4R0 le672 149 le449 225443 2237.2 2237.0
115 TeHl10 B, 3R4 6alt? 643K let78 letbn le458 224843 223343 2233.1
12.0 7.658 d4.2N01 6,096 64296 lo4HG lstb6 1,466 224147 222846 222845

8
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GAMS
1.204
1.196
1+1R8
1elA0
l1.187
1.194
1202
14211
« 20
1,228
1.237
loltu
1e2%2
1e?5K
264
1e2¢9

GAM
lel24
lel26
1130
1,136
lelhs
1,153
lelb2
1e1172
1.183
1,194
1,205
ls217
1,228
1.238
le248
1.25%7

GAM

le132
1.13%
lel4n
1o164K
le158
1o 16K
1,179
14190
1.201
1,212
142¢4
1e293
1e262
1,250
14258
1.26%

GAM
le 136
1.139
14145
1el154
lesl60
lal74
1.186
1,197
14208
14718
1,229
le238
le246
14254
1,261
14767

GAM

lelal
1a145
1,152
1.162
1.173
1.184
16196
1,207
1.217
1,227
1626
14204
14251
14254
1266
1269
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Al A A
1551.7 1950.6 1493,2
1654,8 1647,.0 199244
17319,4 1719,°2 1674,.,H
18A0A8,8 1717,2 17413,0
186641 1A27,0 1R02.7
1913,06 1870,73 1851,9
19%4.3 1904.3 1894 ,6
1986.2 1941,7 193]1.6
2013.6 1971,.1 19613,7
203%,9 1996, 8 1991,4
2054, 2019,1 2015,1%
206R,5 2018,2 203545
2079.7 205%4,2 205241
2088,13 2067,.3 2065.9
2094,6 2077.,7 2076,.7
2099,0 ?2065,6 2084,9

Al As A
15A8,4 1590,9 1539,9
1693.1 16R9,5 1641.9
1777,% 176141 1725,1
18a%, 1819,.2 1793,
1899,7 186R. % 1R50,.4
1944,1 1910,9 1H9A .
19R0,2 1947,1 1938,72
2009.6 197R, 5 1972.7
20313.1 200%.2 200047
205242 2027.7 202445
20671 206644 20464,7
207H,R 20617 2060,
20H7,7 2073,9 2072.9
209,13 2083 ,4 20R2,7
2099,0 2090.6 2090.1
21023 2095,8 209%.%

TABLE 2 - Page ?

Al Av A
160346 160746 19596
1709%,2 1706.¢ 166247
1792.R 1774,1 174%,9
1R%9,?2 1836,0 11,7
191247 1884 .8 1869.5
195%,1 192644 1915.9
1989.6 1961 .8 1954,%
2017, 1991,8 1986,7
20%9,5 201649 2013,%
205741 2037,9 203%.5
207049 2055,0 205344
208146 2068.7 2067.7
2089.H 2079.06 207849
2095.R 2087,9 2087 .6
2100.2 2094,0 2093.7
210%.1 2098 .4 209841

Al Aw A
167647 1632,7 1989,7
1732,.9 1732.,0 16%4.2
1A15.1 1802.9 1777.0
1873,2 1R60,2 1R63,2
1929,6 190K8,0 189¢,8
1969.7 1948,0 193640.5
2001.% 1981 ,4 197644
2026.9 2009.0 200547
2047,0 2031.8 202946
206248 205047 2048 H
207542 206%.1 2064,]
20R4 R 207648 20761
709261 JORS 4R 20K5 .4
2097.% 2092,.7 2092.4
2101.4 209747 209745
2104.0 210142 21011



TARIY 2 -~ Page 3
Pls 5N, D00

Tle 20R,15 N= 0o

M p/pPl /71 Pl cp GaAMml GAMe GAM Al As A

O 104891 14,192 12,345 34,657 1,192 1,207 14143 1636,.8 1643,5 16031
Ne5 10.R5H 1440173 12.177 0,567 14105 14194 1,147 17473, 174249 1708 .1
lef 10.644 13.9NH 11.976 26,2 1R 1.200 14185 14155 1824,.5 181%,4 1790.4
1.0 10.37%R 12.R86 11,624 17,7137 1206 1.1R5% ls166 1887.3 1870.4 1855.6
2.0 94994 12.247 11.730 164811 l1e213 1189 1.177 197644 1917.5 1907.9
2e5 9.640 116632 11.054 l144R27 1219 1190 1,189 1975,2 1956.6 195042
3N 9.289 11.065 10.R1] 11,425 14225 1,205 1.700 2005.9 1988,5 1984 .8
345 B.950 10.52N0 10.56R 12407 1272 le2l6 le210 203042 2015,5 20127
Lo N Re6206 104078 10,754 11,641 147738 1,222 1,220 204946 2037.1 2035%5.3
4eS Re19 V77 1Nn.15R 11067 162071 14231 4.230 2064.8 2054.6 205%.4
5N He.030 9,164 9,978 10615 1,249 1.239 1238 207646 206B.6 2067.8
545 Te759 Re7R5 G,R11 104767 14254 le248 le246 20858 2079.5 2078.9
be0 74505 Reti 7K Feftsl Qe 7R 14259 1,253 14251 2092.8 2087,9 2087,.6
[ T.2¢67 R.,119 RENES VeTHS 167264 14259 1,259 2098,1 2094 ,3 2094, 1
740 7,045 T.R25 RESCMA 9.550 268 1e265 1265 2101.8 2098,9 2098.7
765 6.870 TeS55 9.271 Qe IHY 1,273 1.270 1,270 210443 2102,.1 2102.0

P12 100,000

T1s POR,16 Nz oA,
M P/P1 T/T! cP1 cp (LI GAM® GAM CAl As A
0. 11,100 14,685 12,557 11,669  1.1RA 1,199  l.146  1649.8  1657.4 162044
0.5 11,053 144622  12.3H 274617 1,191 14192 1,150 1751  1756.5  1725.9
1.0 104805  13.R27  12.070 21.R%5 1,197  1.1RS 1,160 1836.,0 1826.5 1807.2
1,5 10,664 13,121 11,778 18,014 204 14186 1,171 1897.0  1AA2.R  1ART0.A
ZeN 1ALA90 12,617 11,400 TE.590 14211 14192 1.1R1 1944,%  1928,9  1921.3
2.5 9.711  11.7%7  11,10¢ 13,965 1,218 14200 1,194  1981.,5  1966.6 1961.A
1.0 9.341  11.140  10.R% 12.7R6 14225 14208 1,205  2010.8  1997.5 1994.4
345 R.9RT 104579  10.597 114961 14271 14217 14215 2034.0  2022.7 202046
440 Re652 10,069 104371 114309 1,237 14226 14224 205243 2063.0 2064147
0.5 Re3H 9.604 10,170 106826 14243 14234 1.233  2066.8  2059,3  2053.4
549 A.047 9,1R2 7,987 10,6064 C2GR 1,241 1,261 207841  2072.2  2071.6
5,5 7.768 R,797 9,R19 10,140 $256 14268 1,248 2086,9 2082.2 20R1.9
) 7.511 Batitit 9.66% R0 14759 14255  1.254 20976  2090.0 2089,.8
545 7,271 Aelrn 2,873 9,687 14266 14260 14260 2098.6  2095.9  2095.7
7.0 T, C4R 7.829 9,191 9,506 14268 1,266 1,266 2102,2 2100.1 2100.0
7,5 6,878 70567 9,272 94352 14273 14271 1,271 2104.5  2103.0  2102.9
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FIG. 2 SPECIFIC HEAT VERSUS DILUTION (HYDROGEN DILUTION)
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FIG. 3 SPECIHFIC HEAT RATIO AND ISENTROPIC EXPONENT (HELIUM DILUTION)

1.100

18



1.300

Initial condjtions
Y T,=298.15 °K

=

x'

1.200

] | ] 1 | | ]
1.100, 1 2 ) 4 5 6 7 o 8
FIG. 4 SPECIFIC HEAT RATIOS AND ISENTROPIC EXPONEN'T
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